Mitochondrial compromise is a fundamental contributor to pancreatic β-cell failure in diabetes. Previous studies have demonstrated a broader role for tumor suppressor p53 that extends to the modulation of mitochondrial homeostasis. However, the role of islet p53 in glucose homeostasis has not yet been evaluated. Here we show that p53 deficiency protects against the development of diabetes in streptozotocin (STZ)-induced type 1 and db/db mouse models of type 2 diabetes. Glucolipotoxicity stimulates NADPH oxidase via receptor for advanced-glycation end products and Toll-like receptor 4. This oxidative stress induces the accumulation of p53 in the cytosolic compartment of pancreatic β-cells in concert with endoplasmic reticulum stress. Cytosolic p53 disturbs the process of mitophagy through an inhibitory interaction with Parkin and induces mitochondrial dysfunction. The occurrence of mitophagy is maintained in STZ-treated p53 −/− mice that exhibit preserved glucose oxidation capacity and subsequent insulin secretion signaling, leading to better glucose tolerance. These protective effects are not observed when Parkin is deleted. Furthermore, pifithrin-α, a specific inhibitor of p53, ameliorates mitochondrial dysfunction and glucose intolerance in both STZ-treated and db/db mice. Thus, an intervention with cytosolic p53 for a mitophagy deficiency may be a therapeutic strategy for the prevention and treatment of diabetes.
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Edited by Bert Vogelstein, The Johns Hopkins University, Baltimore, MD, and approved January 15, 2014 (received for review October 9, 2013) Mitochondrial compromise is a fundamental contributor to pancreatic β-cell failure in diabetes. Previous studies have demonstrated a broader role for tumor suppressor p53 that extends to the modulation of mitochondrial homeostasis. However, the role of islet p53 in glucose homeostasis has not yet been evaluated.
Here we show that p53 deficiency protects against the development of diabetes in streptozotocin (STZ)-induced type 1 and db/db mouse models of type 2 diabetes. Glucolipotoxicity stimulates NADPH oxidase via receptor for advanced-glycation end products and Toll-like receptor 4. This oxidative stress induces the accumulation of p53 in the cytosolic compartment of pancreatic β-cells in concert with endoplasmic reticulum stress. Cytosolic p53 disturbs the process of mitophagy through an inhibitory interaction with Parkin and induces mitochondrial dysfunction. The occurrence of mitophagy is maintained in STZ-treated p53 −/− mice that exhibit preserved glucose oxidation capacity and subsequent insulin secretion signaling, leading to better glucose tolerance. These protective effects are not observed when Parkin is deleted. Furthermore, pifithrin-α, a specific inhibitor of p53, ameliorates mitochondrial dysfunction and glucose intolerance in both STZ-treated and db/db mice. Thus, an intervention with cytosolic p53 for a mitophagy deficiency may be a therapeutic strategy for the prevention and treatment of diabetes.
I
t is crucial for organismal homeostasis to maintain glucose metabolism, in which insulin secreted from pancreatic β-cells in response to blood glucose levels stimulates glucose uptake into peripheral tissues. Diabetes is a chronic disorder of insulin insufficiency resulting in the disruption of glucose homeostasis and multiorgan complications. Type 1 diabetes results primarily from autoimmune β-cell destruction (1). In contrast, diverse environmental factors and genetic susceptibility combine to cause type 2 diabetes (2). Although these two types of diabetes have distinct pathogenic mechanisms, mitochondrial dysfunction is a common element of disease progression in both forms. Mitochondria are the principal organelles of energy production and cell death. Mitochondria also generate reactive oxygen species (ROS) as a by-product of oxidative phosphorylation. Impaired mitochondrial respiration capacity and ROS-mediated UCP2 expression lead to inadequate ATP production during glucose stimulation, which results in a defect in subsequent insulin secretion signaling (3). Moreover, mitochondria-dependent apoptosis is involved in the diminished β-cell mass observed in type 1 and type 2 diabetes (4).
Although p53 has a well-documented role as a tumor suppressor, recent detailed studies have identified broader functions for p53 that are independent of its effects in tumorigenesis. p53 had been shown to regulate the transcription of several genes involved in redox and glucose metabolism and autophagy (5, 6) . It also possesses an extranuclear function in which cytosolic p53 inhibits the process of autophagy by a poorly known mechanism (7) . We have previously demonstrated the contribution of p53 to mitochondrial integrity. p53 is required for mitochondrial aerobic respiration through the expression of SCO2 (8) . Conversely, cytosolic p53 has been shown to disturb the clearance of damaged mitochondria by an inhibitory interaction with Parkin (9) . Other recent studies have also revealed that p53 has a distinct cellular function according to its cellular concentration and distribution (10) . Despite the intensive studies on p53 in glucose homeostasis, the role of islet p53 in β-cell function and diabetes remains poorly understood.
In this study, we demonstrate the distinctive expression and pathogenic involvement of p53 in both type 1 and type 2 diabetes. Under diabetic conditions, the cellular distribution of p53 shifts to the cytosolic compartment with no alterations in expression levels in whole cells, in which oxidative stress and endoplasmic reticulum (ER) stress are collaboratively involved. Glucotoxicity and lipotoxicity provoke NADPH oxidase-dependent ROS generation via a receptor for advanced-glycation end products (RAGE) and Toll-like receptor 4 (TLR4), respectively. The cytosolic accumulation of p53 disturbs Parkin-mediated mitophagy and induces further mitochondrial compromise and subsequent defects in insulin secretion. The present study provides a mechanism for elucidating the pathogenesis of diabetes.
Results

Deletion of Islet p53 Preserves Glucose Oxidation and Insulin Secretion
in Streptozotocin-Induced Type 1 Diabetes. To assess the effects of islet p53 on diabetes, we first induced experimental type 1 diabetes with the multiple low dose of streptozotocin (STZ) treatment (11) in WT and p53 −/− mice. Bone marrow (BM)-chimeric mice were generated by transplanting the BM cells of WT-GFP mice into WT or p53 −/− mice to eliminate differences in the anti-inflammatory effect of p53 in the immune system. Eight-week-old mice underwent BM transplantation and five consecutive i.p. daily injections of 40 mg·kg −1 of STZ (Fig. S1A) . A previous report showed that the p53 pathway was not involved in pancreatic β-cell death upon irradiation (12) . We observed a few apoptotic cells in islets
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Tumor suppressor p53 has been known to have a broader role that extends to the regulation of energy metabolism. We investigated the role of islet p53 and found that genetic and pharmacological inhibition of p53 preserves insulin secretion and glucose tolerance in both streptozotocin-induced type 1 and db/db mouse models of type 2 diabetes. Glucolipotoxicy induces accumulation of p53 in the cytosol via oxidative stress and endoplasmic reticulum stress. Cytosolic p53 inhibits the autophagic clearance of damaged mitochondria by an inhibitory protein-protein interaction with Parkin, leading to the impairment of mitochondrial energetics and subsequent insulin secretion signals in islet β-cells. following irradiation in this study (Fig. S1B) . Compared with WT mice that developed hyperglycemia 2 wk after the start of STZ injections, p53 −/− mice exhibited markedly suppressed hyperglycemia with preserved serum insulin levels ( Fig. 1 A and B) . Furthermore, glucose tolerance tests revealed the significant amelioration of glucose metabolism in p53 −/− mice (Fig. 1C) . We observed no significant changes in insulin tolerance tests (Fig.  1D ), whereas serum insulin levels were enhanced in p53 −/− mice after glucose loading in vivo (Fig. 1E ). These results suggested that disruption of islet p53 preserved insulin secretion and maintained glucose metabolism in STZ-induced type 1 diabetes.
Serum insulin levels are governed by a combination of the insulin secretory capacity of individual β-cells and the number of β-cells. In this study, we first performed histological analysis of islets in STZ-treated mice. No significant change was observed in the islet mass, β-cell proliferation, and apoptosis between WT and p53 −/− mice ( Fig. 2A and Fig. S1 C and D). We then investigated β-cell function by measuring islet oxygen consumption rate (OCR) with the XF24 analyzer. The up-regulation of OCR at high glucose relative to basal glucose was stronger in STZ-treated p53 (Fig. 3A) . We confirmed the contribution of p53 to mitophagy in MIN6 β-cells overexpressing GFP-LC3. Colocalization between LC3 and mitochondria was evaluated by blocking autophagy flux using bafilomycin-A1 (Baf-A1) to underscore mitophagy. This colocalization was reduced under diabetic conditions, but was preserved by siRNA targeting p53. siRNA targeting Parkin canceled the p53 knockdown-mediated restoration of colocalization ( Fig. 3B and Fig. S2 ). We quantified mitophagy further by using the pMT-mKeima-Red that exhibits a bimodal excitation maximum at 430 and 590 nm in a neutral or acidic pH, respectively (13) . The population of mitochondria fused to lysosomes can be determined by quantifying the 590/430-nm excitation ratio. Although diabetic conditions reduced the 590/430-nm ratio, siRNA targeting p53 enhanced the ratio to as high as the control medium, and this was not observed in Parkin knockdown MIN6 β-cells (Fig. S3A) . These results demonstrated that p53 was involved in the significant decrease in Parkin-dependent mitophagy under diabetic conditions. Consequently, we examined the contribution of mitophagy to β-cell function. Insulin secretion from MIN6 β-cells under diabetic conditions in response to high glucose was blunted and was ameliorated by p53 knockdown. This improved glucose-stimulated insulin secretion (GSIS) was canceled by the knockdown of Parkin (Fig. 3C ). Glucose metabolism has been shown to increase ATP concentrations as a signal to enhance insulin secretion (14) . Increases in ATP content with increasing glucose levels were not marked under diabetic conditions. The knockdown of p53 enhanced ATP content in response to high glucose depending on Parkin (Fig. 3D) . p53 knockdown-mediated improvement of GSIS was also negated by inhibiting the process of autophagy with Baf-A1 treatment or Atg5 knockdown as well as in preventing mitophagy with PINK1 knockdown (Fig. 3E and Fig. S3B ), supporting evidence that preserved mitophagy was behind the protective effect of p53 ablation.
To further confirm the role of Parkin-mediated mitophagy, we generated MIN6 β-cells stably overexpressing Parkin (Fig. 4A) . Preserved mitophagy was observed in Parkin-overexpressing stable cell lines under diabetic conditions ( Fig. 4B and Fig. S4 ). Parkinmediated mitophagy was associated with preserved mitochondrial oxygen consumption in complexes II and IV, despite no significant differences in glucokinase and hexokinase activities (Fig. 4 C and  D) . The maintained respiration capacity provided higher elevation in ATP content and insulin secretion in response to high glucose (Fig. 4 E and F) . Although Parkin has cellular functions other than the induction of mitophagy (15) , the protective effect of Parkin overexpression was not observed in the context of compromised autophagosome formation (Fig. 4G) .
ER Stress and Oxidative Stress Increase Cytosolic p53 in Diabetic Islets.
We examined the expression of p53 in islets from STZ-induced type 1 and db/db mouse models of type 2 diabetes. Intriguingly, p53 expression was increased in the cytosol, but was decreased in the nucleus with no alteration in the whole-islet expression level in both STZ-treated mice and db/db mice (Fig. S5A) . A similar result was observed in MIN6 β-cells under diabetic conditions (Fig. S5B) . Consistent with these results, a detectable increase in p53 staining was observed in the cytosol (Fig. S5C) . To investigate the mechanism underlying the altered subcellular localization of p53, we focused on ER stress and NADPH oxidase that were activated under diabetic conditions (Fig. S5 D-F) . Previous studies showed that ER stress induced the cytosolic translocation and subsequent degradation of p53 via the glycogen synthase kinase (GSK)-3β pathway (16) (17) (18) . We observed this redistribution in MIN6 β-cells following treatment with the ER stress inducer thapsigargin, which was canceled by the GSK-3 inhibitor LiCl (Fig. S5G ). The export of nuclear p53 to the cytosolic compartment under diabetic conditions was also inhibited by LiCl treatment (Fig. S5H ). The treatment with the antioxidant N-acetylcysteine (NAC) reduced the expression of p53 in both the nucleus and cytosol (Fig. S5I) . Furthermore, altered p53 expression in MIN6 β-cells under diabetic conditions was canceled by the treatment with LiCl and NAC (Fig. S5J) , indicating the involvement of ER stress and oxidative stress in altered p53 expression. Preventing the distinctive expression of p53 actually preserved GSIS under diabetic conditions (Fig. S5K) .
The main sources of ROS in the pancreatic islets are mitochondria and NADPH oxidase (19, 20) , which may produce a feed-forward vicious cycle of ROS production (21) . Under the high-glucose condition, the siRNA targeting RAGE, as well as p47phox, one of the NADPH oxidase components, partially canceled ROS production. However, siRNA targeting RAGE did not provide an additional reduction in ROS generation in p47phox knockdown MIN6 β-cells (Fig. S6A) . Similarly, siRNA targeting TLR4 suppressed ROS production as much as siRNA targeting p47phox without any additive effects in palmitate-treated MIN6 β-cells (Fig. S6B) . These results suggested that RAGE and TLR4
were involved in ROS generation through the activation of NADPH oxidase in glucotoxicity and lipotoxicity, respectively. These alterations in ROS production were reflected in the expression of p53 (Fig. S6 C and D) .
p53 Deficiency Preserves Mitochondrial Integrity and Insulin Secretion in Diabetic Mice. We examined the morphology of mitochondria in STZ-treated β-cells using electron microscopy. Islet β-cells in p53 −/− mice had more mitochondria incorporated into autophagosomes and lower abnormal mitochondria. p53 deletion induced few transcriptional changes of mitochondrial qualitycontrol factors, supporting the contribution of inhibitory interaction between cytosolic p53 and Parkin (Fig. S7) . To directly test our hypothesis that Parkin-mediated mitophagy contributes to protection against diabetes by p53 deletion, we crossed p53 −/− mice with Parkin −/− mice and treated mice with STZ after BM transplantation. Parkin deletion markedly reduced mitophagy and mitochondrial integrity that were preserved in p53 −/− mice (Fig.  5A ). Next we isolated islets from the four mouse groups and carried out static incubation experiments. Increases in ATP content with increasing glucose levels were suppressed in STZ-treated mice. p53 deletion enhanced ATP content and subsequent insulin secretion in response to high glucose, which was abolished by Parkin deletion (Fig. 5 B and C) . Consistently, p53 deletion significantly improved hyperglycemia accompanied by preserved serum insulin levels, and these protective effects were not observed The OCR of islets was assessed using the Seahorse XF24 analyzer. The amplification rate of OCR at high glucose was calculated relative to basal glucose stimulation from five replicates per sample (n = 4). Data are shown as the means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
in p53 (Fig. 5 D and E) . These results suggested that p53 deficiency ameliorated the functional impairment of islets depending on Parkin, which improved glucose intolerance in STZinduced type 1 diabetes. We conducted further experiments using pifithrin-α (PFT-α), a specific inhibitor of p53, to determine the effect of p53 deficiency. PFT-α was administered to mice transplanted with BM cells from p53 −/− mice at a dose of 1.1 mg·kg
three times weekly for 4 wk starting on the first day of STZ treatment ( Fig. S8) . Under PFT-α treatment, WT mice exhibited glucose tolerance similar to that of p53 −/− mice, whereas Parkin −/− mice had reduced glucose tolerance (Fig. 5F ). Serum insulin levels after glucose loading were also not different between WT and p53 −/− mice and were decreased in Parkin −/− mice (Fig. 5G ). In the OCR of isolated islets, up-regulation at high glucose relative to basal glucose was restored in WT and p53 −/− mice equivalently, but was attenuated in Parkin −/− mice (Fig. 5H) . The protective effects of p53 deficiency against diabetes were also mostly achieved by PFT-α treatment, which was actually dependent on the function of Parkin as hypothesized.
We also examined the protective effects of PFT-α against diabetes in type 2 diabetes. Six-week-old male db/db mice were treated with 1.1 mg·kg −1 PFT-α three times weekly for 4 wk. Hyperglycemia was improved with higher serum insulin levels in db/db mice treated with PFT-α ( Fig. 6 A and B) . Glucose tolerance tests also revealed that PFT-α significantly ameliorated glucose metabolism (Fig. 6C) . Similar to the experiment on STZ-induced type 1 diabetes, insulin tolerance remained unchanged, whereas an increase in insulin secretion contributed to improved glucose homeostasis (Fig. 6 D and E) . Histological analysis showed no significant changes in islet mass, cell proliferation, or apoptosis in the PFT-α treatment (Fig. S9 A-C) . Morphological analysis of mitochondria in β-cells using electron microscopy revealed that PFT-α increased mitochondria incorporated into autophagosomes, which inversely correlated with the presence of abnormal mitochondria (Fig. 6F) . In the OCR of isolated islets, PFT-α restored up-regulation at high glucose relative to basal glucose (Fig. 6G) . Improved glucose oxidation resulted in a higher ATP content and GSIS (Fig. 6 H and I) . These results indicated that p53 inhibition with PFT-α treatment promoted mitophagy and prevented mitochondrial compromise and subsequent β-cell failure in db/db mice.
Discussion
We demonstrated that cytosolic p53 inhibited Parkin-mediated autophagic degradation of damaged mitochondria and promoted mitochondrial compromise, leading to impaired insulin secretion in the β-cells of diabetic mice. Oxidative stress up-regulated p53 and ER stress induced its translocation from the nucleus to the cytosol, which resulted in the cytosolic accumulation of p53. Glucotoxicity and lipotoxicity activated NAPDH oxidase via RAGE and TLR4, respectively, and increased p53 expression and ROS-generating damaged mitochondria. In this study, the recent development of a high-throughput method for measuring islet oxygen consumption (22) revealed a poor increase in glucose oxidation in response to high glucose in diabetic islets. Moreover, the direct measurement of oxygen consumption of Magnified photograph represents an autophagic vacuole containing mitochondria (red box) (original magnification ×12,000). (Scale bar, 500 nm.) (Lower) Abnormal mitochondria and mitochondria incorporated into the autophagic vacuole were quantified from at least 10 β-cells (n = 3). (G) Batches of five pancreatic db/db mice islets were stimulated with 2.8 or 22.2 mM glucose. The OCR of islets was assessed using the Seahorse XF24 analyzer. The amplification rate of OCR at high glucose was calculated relative to basal glucose stimulation from five replicates per sample (n = 4). (H) ATP contents and (I) insulin secretion were measured by a luminometer and ELISA, respectively. The amplification rates of ATP contents and insulin secretion at high glucose were calculated relative to basal glucose stimulation. Results are shown from duplicate experiments per sample (n = 4). Data are shown as the means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. mitochondria isolated from MIN6 β-cells demonstrated the reduced respiration capacity under diabetic conditions without any marked changes in glucokinase activity. Cytosolic p53-mediated mitophagy deficiency is involved in an impaired electron transport system and subsequent ATP insufficiency. Based on the proposed mechanism (Fig. S9D) , PFT-α treatment, as well as the genetic deletion of p53, ameliorated insulin secretion and glucose intolerance in both type 1 and type 2 diabetes.
Mitochondria are remarkably dynamic organelles that migrate, divide, and fuse. Membrane fusion and fission allow mitochondrial content mixing within a cell to maintain integrity, and severely damaged mitochondria are selectively removed by macroautophagy, termed "mitophagy." Given the importance of mitochondria in insulin secretion, mitochondrial quality control has been assumed to contribute to β-cell integrity and glucose homeostasis. Evidence is accumulating for the relationship between mitochondrial dynamics and diabetes. Mitochondrial morphology had been shown to shift from an interconnected tubular form to a disconnected shorter appearance according to the diabetes status in β-cells. The tubular form obtained by the dominant negative expression of fission-promoting DRP1 is resistant to apoptosis in β-cells (23) . In contrast, the fragmented pattern produced by the genetic deletion of Opa1 induces mitochondrial dysfunction and subsequent hyperglycemia (24) . These results indicate the association between the postfission state in mitochondria and pancreatic β-cell failure. Intriguingly, impaired autophagy caused by the genetic deletion of Atg7 in β-cells also leads to hyperglycemia as a result of mitochondrial compromise and defective GSIS (25) , which suggests that mitophagy may be indispensable for mitochondrial integrity and β-cell physiology. Recent detailed investigations identified the molecular mechanism behind the process of mitophagy, whereas genetic deletions of these molecules were not reported to contribute to physiological glucose homeostasis.
One of the reasons for this may be that mitochondria are also nonselectively removed by macroautophagy. However, this study demonstrated that loss of Parkin-mediated mitophagy induced further β-cell failure under pathological stress conditions including STZ exposure and leptin receptor defects.
Identifying functions for p53 that are independent of its tumor suppressor effects is an intriguing and growing area of research. Recent studies on p53 produced some confusing and apparently contradictory results for glucose homeostasis. Peripheral tissue p53 was shown to play a controversial role in insulin resistance via its antioxidant and inflammatory effects (26, 27) . As an indirect effect on pancreatic β-cells, immune cell p53 protected β-cells against STZ toxicity by inhibiting islet inflammation (28) . A broader role for p53 has extended to the regulation of glycolysis (29) , mitochondrial function (8, 30) , and autophagy (10), suggesting the involvement of β-cell p53 in insulin secretion. This study shows that p53 has a previously undescribed pathogenic effect on pancreatic β-cells in which p53 promotes mitochondrial dysfunction by inhibiting Parkin-mediated mitophagy.
Materials and Methods
Detailed methods can be found in SI Materials and Methods. The murine MIN6 β-cell line was kindly provided by J. Miyazaki (Osaka University, Osaka) and cultured in DMEM containing 10 mM glucose, 0.1 mM 2-mercaptoethanol, 100 units/mL penicillin, 0.05 mg/mL streptomycin, and 10% FBS (HyClone) in humidified 5% CO 2 at 37°C (31) . Cells were incubated with 30 mM glucose and 0.3 mM palmitate for 1 wk for mimicking diabetes.
